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I
n Germany and the United States alone
approximately 20 million (4.5 million in
Germany and 15 million in the U.S.) units

of packed red blood cells (RBCs) were trans-
fused in 2008.1,2 However, transfusions have
several limitations: mismatched transfusions
despite rigorous typing and cross-matching
prior to transfusion, risk of transfusion-re-
lated acute lung injury, immunomodulation,
hemolytic transfusion reactions, bacterial or
viral infections, limited shelf life of blood
products, and logistical constraints.1,3,4 Ac-
cording to the World Health Organization
report in 2011, in 39 countries blooddonations
are still not routinely tested for transfusion-
transmissible infections and 47% of the dona-
tions in developing countries are tested in
laboratorieswithoutquality assurance.5Hence,
there is anurgentneed for thedevelopmentof
artificial oxygen carriers without the above-
mentioned risks.
Stroma-free hemoglobin cannot be used

as a blood substitute due to its short circula-
tion time and nephrotoxicity.6 In the past
decades, diversemodifications of hemoglobin

(Hb) such as intra- and intermolecular cross-
linking, macromolecule conjugation, or en-
capsulation3,7 have been intensively studied
to overcome these problems. However,most
of these products cause serious side effects,
particularly a hypertension caused by vaso-
constriction.3,4,7 Two major hypotheses
about the mechanisms of the vasoconstric-
tion caused by hemoglobin-based oxygen
carriers (HBOCs) are currently under discus-
sion: the nitric oxide (NO) scavenging by
small HBOCs and the oxygen oversupply
caused by HBOCs with low oxygen affinity.8,9

NO is produced by the blood vessel en-
dothelial cells and is an important vasodi-
lator, causing relaxation of these vessels and
consequentlypreventingvasoconstriction.10,11

Stroma-free hemoglobin and nanosized
HBOCs can penetrate through the gaps
between the endothelial cells and bind the
NO released into the smooth muscle tissue.
It has been shown that vasoconstriction and
hypertension are inversely proportional to
the size of the HBOCs.12,13 Thus, synthesis of
larger HBOCs would be helpful to solve the
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ABSTRACT Artificial oxygen carriers, favorably hemoglobin-based oxygen carriers

(HBOCs), are being investigated intensively during the last 30 years with the aim to

develop a universal blood substitute. However, serious side effects mainly caused by

vasoconstriction triggered by nitric oxide (NO) scavenging due to penetration of

nanosized HBOCs through the endothelial gaps of the capillary walls and/or oxygen

oversupply in the precapillary arterioles due to their low oxygen affinity led to failure of

clinical trials and FDA disapproval. To avoid these effects, HBOCs with a size between 100

and 1000 nm and high oxygen affinity are needed. Here we present for the first time

unique hemoglobin particles (HbPs) of around 700 nm with high oxygen affinity and low immunogenicity using a novel, highly effective, and simple

technique. The fabrication procedure provides particles with a narrow size distribution and nearly uniform morphology. The content of hemoglobin (Hb) in

the particles corresponded to 80% of the Hb content in native erythrocytes. Furthermore, we demonstrate a successful perfusion of isolated mouse

glomeruli with concentrated HbP suspensions in vitro. A normal, nonvasoconstrictive behavior of the afferent arterioles is observed, suggesting no oxygen

oversupply and limited NO scavenging by these particles, making them a highly promising blood substitute.
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problem of NO scavenging in the vessels. To avoid
HBOC extravasation through the endothelial gaps,
their diameter should exceed 100 nm. Particles in the
size range 1�3 μmcanbe strongly phagocytosed,14�16

and particles larger than 5μmcanblockmicrocirculation at
higher concentrations. In both cases the shelf life of the
particles is reduced.Consequently, thesizeofHBOCsshould
be preferably less than 1 μm and more than 100 nm.
The new-generation HBOCs should have a high

oxygen affinity to prevent premature release of oxygen
in the precapillary arterioles, which would lead to
oxygen oversupply and vasoconstriction caused by
an autoregulatory mechanism.9

The use of carbonates as a template for fabrication of
microparticles and microcapsules has currently gained
increasing interest due to the high loading capacity of
the CaCO3 particles and themild fabrication conditions
and biocompatibility.17�21 In previous studies we syn-
thesized protein microparticles by co-precipitation
with CaCO3, followed by protein cross-linking and
dissolution of the CaCO3 template.22�24 Here we pre-
sent unique submicrometer hemoglobin particles
(HbPs) as new HBOCs adapting our procedure to the
above-mentioned requirements for blood substitutes:
particle size below 1 μm, high oxygen affinity, and
avoiding vasoconstriction of small blood vessels.

RESULTS AND DISCUSSION

The synthesis of HbPs is based on co-precipitation
of Hb with MnCO3 immediately followed by addition
of human serum albumin (HSA). HSA adsorbs on the
surfaceof theformedparticlesandpreventsagglomeration.
The co-precipitated and adsorbed proteins are then

cross-linked by glutaraldehyde, and the MnCO3 template
is dissolved, resulting inpolymerized submicrometerHbPs
(Scheme 1). The HbPs are weakly autofluorescent due to
theglutaraldehydecross-linking25 andcanbedetected in
the fluorescence channels of the confocal microscope
(Figure 1).
Measured by dynamic light scattering, the apparent

average size of the HbPs is around 710 ( 60 nm.
Observed by scanning electron microscopy (SEM),
the particles emerge peanut-shaped (Figure 2a�c).
The average longest diameter and shortest diameter
of HbPs are 860 ( 145 nm and 625 ( 130 nm,
respectively (Figure 2b). The formulation procedure
provides a narrow size distribution and almost uniform
morphology of the particles independent of the stir-
ring rate during co-precipitation.
The co-precipitation of protein andMnCO3 provided

a high Hb entrapment efficiency. Typically, a Hb en-
trapment efficiency of 73% (corresponding to 25.4 mg
Hb per 100 mg MnCO3) can be achieved by precipita-
tion of 0.25 M Na2CO3 with 0.25 M MnCl2 containing
10mgmL�1 Hb,which is 35-foldmore effective thanHb
adsorption on preformed MnCO3 particles. One single
particle captures at least 35 fg of Hb in a volume of 0.13
fL, if the particle volume is estimated with the prolate
spheroid volume formula. For comparison, a humanRBC
has a volume of approximately 90 fL and contains 30 pg
of Hb.26 Hence, the Hb content in 90 fL of Hb-MnCO3

particles was 23.7 pg, or 80% of the Hb content of the
RBCs. The Hb amount in the MnCO3 particles can be
even additionally increased by enhancing the initial
amount of Hb during co-precipitation. To the best of
our knowledge, spontaneous capturing of such high
amounts of proteins in nearly uniform submicrometer
particles is unique and has not been reported until now.
The inorganic compounds are completely removed by
dissolution using ethylenediaminetetraacetic acid (EDTA)
followed by several washing steps. In particular, ICP-OES
(inductively coupledplasmaoptical emissionspectrometry)
measurements confirmed the absence of Mn in the HbPs.
One of the most important aspects in the develop-

ment of HBOCs consists in the minimization of MetHb

Figure 1. Confocal laser scanning micrograph of HbPs in fluorescence mode (left) and transmission mode (right).

Scheme 1. Fabrication scheme of HbPs.
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formation during the fabrication process since MetHb
impairs the ability of the carriers to deliver oxygen to
the tissue. Typically, the MetHb concentration in
HBOCs should be held below 10%.27 Applying the
protocol described here, we obtained HbP particles
with a MetHb concentration of 10.2 ( 2.9% as mea-
sured immediately after preparation. It was possible to
further reduce this value to less than 5% (4.9( 2.4%) by

treatment with ascorbic acid under anaerobic condi-
tions. The last values only little differ from the values
measured for theMetHb concentration of the initial Hb
solution (in the range from 2% to 4%).
The functionality of the HbPs, their ability to bind

and deliver oxygen, was investigated by spectral anal-
ysis. Figure 3a presents the absorption spectra of
oxygenated and deoxygenated HbPs in comparison

Figure 2. SEM images of (a) MnCO3 particles (without protein); (b) Hb-MnCO3 hybrid particles after cross-linking; (c) HbPs
afterMnCO3 dissolution. HbPs are shrunken as a result of drying upon sample preparation for SEMmeasurements. Scale bars:
(a) 300 nm, (b) and (c) 200 nm; insets: (a, b) 2 μm, (c) 1 μm.

Figure 3. Functionality of HbPs. (a) Absorption spectra of oxygenatedHb (OxyHb), deoxygenatedHb (DeoxyHb), oxygenated
and deoxygenated HbPs, and APs. The gradual increase in absorption from 700 to 380 nm of HbPs and APs is due to the light
scattering of the particles. (b) Oxygen dissociation curves of Hb and HbPs. The p50 values were 26.5 mmHg for Hb solution
and 6 mmHg for HbPs, respectively.
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to the corresponding spectra of stroma-free Hb as well
as to the absorption spectrum of albumin particles
(APs) prepared by the same procedure. Due to light

scattering the spectra of particles (HbPs and APs) are
shifted toward higher absorption values over the
whole wavelength interval. However, the typical ab-
sorptionmaxima of oxygenated and deoxygenated Hb
are clearly reflected in the respective spectra of HbPs
and are absent in the spectrum of APs. The shift of the
Soret peak as well as the spectral changes in the region
530�590 nm by oxygenation and deoxygenation con-
firms the ability of HbPs to bind and release oxygen
(Figure 3a). Additionally, the oxygen dissociation curve
of HbPs is left-shifted from the dissociation curve of the
Hb solution (Figure 3b). The oxygen dissociation curve
displays the dependency of Hb oxygen saturation on
the partial oxygen pressure in the solution. The value
p50 represents the partial pressure at 50% oxygen
saturation and serves as a measure for the oxygen
affinity. The p50 value of Hb in solution is 26.5 mmHg,
and the suspension of HbPs has a p50 of 6 mmHg.
Therefore, HbPs have a higher affinity to oxygen. High
oxygen affinity (low p50) is one of the most important
properties of the new-generation HBOCs mentioned
above. It is necessary to avoid vasoconstriction after an

Figure 4. CLSM image (overlay of transmission and fluores-
cence channels) of HbPs and platelets after 45 min incuba-
tion in a water bath at 37 �C. The platelets are stained with
phycoerythrin (PE)-conjugated mouse anti-human CD41a
after incubation. HbPs appear as small dark points in the
transmission mode.

Figure 5. Microperfusion of afferent arterioles attached to their glomeruli. Microscope images (a) previous to perfusion; (b)
during perfusion with HbPs. Two micropipets hold an attached glomerulus (right) and the free end of an afferent arteriole
(left), respectively. An inner pipet inside the left holding pipet is advanced into the lumen of the arterioles. (c) Principle of the
perfusion of glomrular arterioles and glomerular capillaries by particles suspended in physiological salt solution (PSS).
The afferent arteriole (AA) is sucked into a holding pipet and perfused by an additional smaller perfusion pipet placed within
the holding pipet. The solution passes through the glomerular capillaries and leaves the preparation via the efferent arteriole
(EA). The whole preparation is placed in a thermocontrolled chamber containing PSS. The changes of the arteriolar diameter
were detected by a video system connected to an inverted microscope.
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autoregulatory mechanism caused by oxygen over-
supply in the precapillary arterioles.9 Winslow suggests
a p50 of 5�10 mmHg for the new cell-free HBOCs.9

To investigate the immunological response to the
HbPs, we incubated the HbPs with heparinized whole
blood for 30 min at 37 �C and quantified the phago-
cytic activity of blood leucocytes. Only 3.9% phagocyt-
ing leucocytes were detected, which suggests low
immunogenicity of the HbPs. Furthermore, we incu-
bated the HbPs with platelet-rich plasma for 45 min at
37 �C. After incubation, the platelet number did not
change compared to the control sample incubated
with sterile physiological saline. The activated platelets
were also quantified using fluorescein isothiocyanate
(FITC) conjugate anti-CD62p and flow cytometry. Only
0.2% activated platelets were found after incubation
with the HbPs. This is comparable to the control sample.
AlsonoaggregationofHbPsorplatelets after incubation
was seen under the microscope (Figure 4). In summary,

no interaction between HbPs and platelets was
observed.
The effect of HbPs on the function of microvessels

was investigated in several experiments using an
in vitro model. Afferent arterioles, the microvessels in
the kidney just preceding the glomerular capillary net-
work, play a vital role in the regulation of renal blood
flow. Their resistance is an essential determinant of the
glomerular filtration rate, and they are very sensitive to
changes in NO bioavailability.28 In addition, the vaso-
constrictor angiotensin II (Ang II) plays an important
role in the control of arteriole diameter constricting
afferent arterioles significantly in a dose-dependent
manner.29,30 The vasoreactivity of the arteriole to Ang II
also increases with decreasing NO bioavailability.29�31

So, we perfused isolated afferent arterioles attached to
their glomeruli with particles (Figure 5, supporting
video 1) and protein solutions for 11 min, respectively.
After perfusion, the afferent arterioles were treated with

Figure 6. Diameter of afferent arterioles in percentage of their initial diameters during perfusion and vessel reactivity to Ang
II after perfusion. (a) Arterioles perfused with Hb solution (n = 5) and with BSA solution (n = 6). The diameters of afferent
arterioles after 5 min perfusion (steady state) were chosen as initial diameters. (b) Ang II dose�response curves of afferent
arterioles after perfusionwith Hb solution (n = 5) andwith BSA solution (n = 6). The diameters immediately before application
of Ang II were set as initial diameters. The afferent arteriolar response to Ang II was increased significantly by Hb application,
compared with the BSA group (p = 0.004). (c) Percentage of the initial diameters from afferent arterioles treated with HbPs
(n = 6) andAPs (n = 6) as control. The diameters of afferent arterioles after 5min perfusion (steady state) were chosen as initial
diameters. (d) Ang II dose�response curves of afferent arterioles after perfusion with HbPs (n = 6) and with APs (n = 6). The
diameters immediately before application of Ang II were set as initial diameters. Both particles showed similar effects on
afferent arteriolar tone and its reactivity to Ang II. (a�d) Results of afferent arteriolar diametermeasurementswere expressed
as means ( standard error of the mean. Here “n” represent the number of perfused afferent arterioles.
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Ang II in progressive doses to check the vasoreactivity of
the vessel to Ang II. The luminal diameters of afferent
arterioles in steady state (after 5 min perfusion) were
chosen as initial diameters.
At the beginning wemeasured the influence of pure

Hb solution on vessel tone and its vasoreactivity to Ang
II (supporting video 2). Bovine serum albumin (BSA)
solution with the same concentration served as a
control. Hb and BSA did not significantly affect the
arteriolar tone during the 11 min perfusion (Figure 6a).
Remarkably, the afferent arteriolar response to Ang II
was significantly increased by Hb in comparison to the
control BSA solution. The diameter of the vessels
perfused with Hb solution decreased to 6.3% ( 2.5%
of the initial diameter at the maximal constriction dose
of Ang II, whereas the same dose induced only a
moderate constriction to 71.0% ( 7.7% of the initial
diameter in the vessels perfused with BSA (Figure 6b).
Hence, Hb exhibited a deleterious effect on afferent
arterioles compared to the pure albumin solution. These
observations are in agreement with other studies, which
showed that stroma-free Hb induces strong vaso-
constriction.8,32,33 Scavenging of NO, a potent physiologi-
cal vasodilator in the microvessels, is assumed to be the
main reason for this constrictor effect.10,11,28

In the next step, the influence of HbPs on arteriolar
tone and the vasoreactivity of vessels to Ang II after
perfusion were investigated (supporting video 3). APs
were used as a control for comparison. No significant
differences between the behavior of the afferent arter-
ioles perfused with HbPs and APs were found. During
perfusion a slight reduction of the size of the vessels

by both particles was observed (Figure 6c). This was
probably caused by reduced flow coming out of the
pipet into the arteriole due to particle sedimentation
inside the pipet since we used a concentrated particle
suspension and small-sized inner pipets with a di-
ameter of 5 μm. Neither the tone of afferent arterioles
nor their reactivity to Ang II was affected by HbPs in
comparison to the APs (Figure 6c and d). Thus, the NO
scavenging of stroma-free Hb was blunted by the
construction of HbPs.

CONCLUSION

In conclusion, we presented HbPs as an enormously
promising new type of HBOCs. These HbPs are fabricated
by using a novel, simple technique, which exploits the
high Hb capture ability of MnCO3, reported here for the
first time. The fabrication method provides particles with
a narrow size distribution in the submicrometer range
andnearly uniformmorphology. TheHbPsdemonstrated
here are able to bind and release oxygen. They have a
high oxygen affinity, which is necessary to prevent a
premature release of oxygen in the precapillary arterioles.
Microperfusion experiments showed that concentrated
HbP suspensions can easily pass through the glomerulus.
Remarkably, the behavior of afferent arterioles perfused
with HbPs concerning arteriolar tone and reactivity to
Ang II was similar to the behavior of the control group
perfused with APs, in contrast to stroma-free Hb solu-
tions, which significantly enhanced the vasoreactivity to
Ang II. Thisfindingand thehighoxygenaffinity arehighly
promising prerequisites of the new type of HbPs as a
candidate for a novel blood substitute.

EXPERIMENTAL SECTION
Materials. Hb was extracted from bovine RBCs by hypotonic

hemolysis.34 Briefly, fresh bovine whole blood (obtained from
Schlachtbetrieb GmbH Perleberg, anticoagulated with EDTA)
was centrifuged (2500g, 10 min, 4 �C), the packed RBCs were
washed three times with ice cold phosphate-buffered saline,
and 5 volumes of ice cold Ampuwa (aqua ad iniectabilia;
Fresenius Kabi Deutschland GmbH) were added to 1 volume
of washed RBCs. The solution was stirred at 4 �C overnight and
then centrifuged (10000g, 1 h, 4 �C). The supernatant was filtered
through a 0.1 μm polyethersulfone filter (Sartorius AG, Germany)
and stored as stock solution at �80 �C until use.

Bovine serum albumin, FITC-BSA, glutaraldehyde (GA), man-
ganese chloride (MnCl2) tetrahydrate, sodiumcarbonate (Na2CO3),
phosphate-buffered saline pH 7.4, glycine, and sodium borohy-
dride (NaBH4) were purchased from Sigma-Aldrich; EDTA and
sodium dithionite (SDT) were purchased from Fluka; sodium
hydroxide (NaOH) was purchased from Carl Roth; Ampuwa and
sterile 0.9% NaCl solution were purchased from Fresenius Kabi
DeutschlandGmbH. Human albumin solution 20%was purchased
from Grifols Deutschland GmbH; mouse anti-human CD41a and
CD 62p were purchased from BD Biosciences.

Preparation of HbPs and APs. Particles were fabricated in a
modified and improved manner based on a novel technique
as previously described.22,23 Briefly, equal volumes of 0.25 M
Na2CO3 and MnCl2 containing 10 mg mL�1 Hb or BSA and
1 mg mL�1 HSA were rapidly mixed in a beaker under vigorous
stirring at room temperature. HSA (weight ratio toHb or BSA 1:2)

was added, and the suspension was stirred for 5 min. The
obtained hybrid particles were separated by centrifugation
and washed three times with sterile 0.9% NaCl solution. The
particles were suspended in GA solution (0.008%) and incu-
bated at room temperature for 1 h, followed by three washing
steps with sterile 0.9% NaCl solution. The remaining GA in the
particle suspension was quenched with glycine (mol ratio to
initial GA = 40:1). The MnCO3 template was removed by
treatment of hybrid particles with EDTA solution (0.2 M, pH 7.4),
and the particles were reduced with NaBH4 (mol ratio to initial
GA = 3:1). Finally, the resulting particles were centrifuged, washed
three times, and resuspended in sterile 0.9% NaCl solution contain-
ing 2% HSA for further use. The co-precipitation, cross-linking, and
dissolution stepswere carriedoutunderoxygen-free conditions. For
phagocytosis assay, the FITC-BSA (weight ratio to Hb = 1:100) was
added into the MnCl2/Hb solution to produce FITC-labeled HbPs.

Characterization of HbPs. Concentrations of Hb stock solution
and MetHb were determined by the standard cyanomethemo-
globin method35 using a UV�vis spectrophotometer (Hitachi
U2800, Hitachi High-Technologies Corporation). The light scattering
of the particles was compensated applying the absorption value at
597 nm (isosbestic point for MetHb and cyanomethemoglobin).

Hb entrapment efficiency (EE) of MnCO3 particles was
determined as the difference between the total Hb amount
applied (Hbt) and the Hb amount determined in the super-
natant (Hbf) after co-precipitation and after each washing step.
The EE% was calculated according to the following equation:
EE% = (Hbt � Hbf) � 100%/Hbt. The measurements were
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performed with a microplate reader (PowerWave 340, BioTek
Instruments GmbH) at 415 nm.

Residue manganese content in HbPs was measured with
ICP-OES (Trace Scan Thermo Jarrell).

Confocal laser scanning microscopy (CLSM) images were
taken with an LSM 510 Meta confocal microscope (Carl Zeiss
MicroImaging GmbH, Jena, Germany) equipped with a 100�
oil-immersion objective (numerical aperture 1.3) applying an
excitation wavelength of 488 nm and a long-pass emission filter
of 505 nm.

For SEM analysis, samples were prepared by applying a drop
of the particle suspension to a glass slide and then letting the
drop dry overnight. Afterward, the samples were sputtered with
gold. Measurements were conducted using a Gemini Leo 1550
instrument at an operation voltage of 3 keV.

The particle size was measured from SEM images using
ImageJ 1.44p software. Additionally, the particle size was mea-
sured by dynamic light scattering using a Zetasizer Nano ZS
instrument (Malvern Instruments Ltd., U.K.).

Oxygen dissociation curves were measured by a modified
procedure based on themethod described by Zhang et al.36 The
partial oxygen pressure (pO2) was detected by an oxygen
electrode (GMH 3630, Greisinger Electronic GmbH, Germany).
In brief, Hb or HbPs were suspended in phosphate buffer (pH
7.4, 0.1M Cl-1) andwere held at 37 �C. The absorption (A) at 576,
580, and 588 nmwasmeasured at pO2 values between 0mmHg
(Adeoxy) and 160 mmHg (Aoxy). The absorption at 584 nm
(isosbestic point for oxygenated Hb and deoxygenated Hb)
was used to exclude evaporation and light scattering. The value
of oxygen saturation (Y) at a given pO2 was calculated accord-
ing to the following equation: Y = (A � Adeoxy)/(Aoxy � Adeoxy).
Oxygenation and deoxygenation were operated by gas with air
and argon, respectively. A complete deoxygenation of Hb and
HbPs was achieved by adding SDT.

The phagocytic activity of leukocytes after addition of FITC-
labeled HbPs was measured in vitro in human whole blood
using a Phagotest kit (Glycotope-Biotechnology GmbH, Heidel-
berg, Germany) and was quantified by flow cytometry (FACS-
Canto II, Becton & Dickinson, Franklin Lakes, NJ, USA).

Incubation of the HbPs with platelet-rich plasma (PRP) was
performed as follows. The PRP was obtained by centrifugation
of citrated whole blood at 140g for 15 min. Then 500 μL of PRP
was carefully mixed with 100 μL of 20% (v/v) HbPs or sterile
physiological saline. The mixtures were incubated in a water
bath at 37 �C for 45min. Before and after incubation, the platelet
number was detected using an ABX Micros 60 hematology
analyzer (Horiba Europe GmbH). Additionally, 50 μL mixtures
were taken before and after incubation and incubated with PE-
or FITC-labeledmouse anti-human CD41a or 62p for 30min. The
treated mixtures were analyzed by flow cytometry and CLSM.

Microperfusion of Afferent Arterioles with Glomeruli. Experiments
were performed in accordancewith the regulations of theOffice
for Health and Social Matters of Berlin, Germany.

The methods to isolate and microperfuse the afferent
arterioles are similar to those described previously.37 Briefly,
male C57BL/6 adult mice (FEM, Charité-Berlin, Germany) were
anesthetized with isoflurane (Abbott AG, Baar, Switzerland) and
sacrificed by cervical dislocation. Kidneys were removed and
sliced along the corticomedullary axis. Afferent arterioles at-
tached to their glomeruli were dissected at 4 �Cwith sharpened
forceps and transferred to a temperature-controlled chamber
assembled on the stage of an inverted microscope. Dulbecco's
modified Eagle medium (DMEM, Gibco, Darmstadt, Germany)
was used for dissection and as bath solution (0.1% albumin).
Afferent arterioles were perfused using a set of perfusion pipets
handmade from glass tubes (Vestavia Scientific, Vestavia Hills,
AL, USA) and assembled on an electronically controlled micro-
manipulator. Two holding pipets held the free end of an
arteriole and of an attached glomerulus, respectively. An inner
pipet inside one of the holding pipets was advanced into the
lumen of the arterioles, thus providing flow to the arteriolar
lumen. To provide a physiological flow in the afferent arterioles,
the pressure in the pressure head was set to 100mmHg (flow of
50 nL min�1). All perfusion experiments were performed within
120 min after sacrifice of mice. The tone of afferent arterioles

was tested by rapidly increasing the perfusion pressure and
assessing the change in the luminal diameter. A fast and
complete constriction in response to KCl (100 mmol L�1)
solution was used as a criterion to identify the suitability of
afferent arterioles for the subsequent experiments. This test was
repeated at the end of the experiment. Only arterioles with full
constriction were accepted. After a 10 min stabilization period
at 37 �C, experiments were begun. The perfused arterioles were
continuously recorded in digital movies using a digital video
disc recorder attached to the microscope's camera. The perfu-
sate was then exchanged with BSA (30 mg mL�1), Hb
(30mgmL�1), APs, and HbPs (each 10% by volume correspond-
ing to a protein content of 30 mg mL�1) for 11 min. Finally,
angiotensin II (Sigma, Hamburg, Germany) was applied in the
bath to obtain a concentration�response curve (10�12 to 10�6

mol L�1) with 2 min intervals for each concentration. Digital
pictures were serially acquired from the digital movie for each
experiment and were used to measure arteriolar luminal di-
ameter. In all series, the last 15 s of each interval was used for
statistical analysis of steady-state responses. The data are
presented as absolute diameters (μm) and relative values, i.e.,
percentage (%) of the initial diameter.

Statistics. Results of afferent arteriolar diameter measure-
ments were expressed as means ( standard error of the mean.
Diameter data were compared using Brunner's test (a nonpara-
metric ANOVA-like test for repeated measurements and multi-
ple comparisons).38 The test is appropriate for comparison of
series of repeated measurements with no normal distribution
andwas performed by using R (the program “R-environment for
statistical computing” may be obtained at www.r-project.org).
The functions for running Brunner's test may be obtained
at www.ams.med.uni-goettingen.de/amsneu/longit-de.shtml).
p < 0.05 was used to reject the null hypothesis.
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